e decay resistance of wood can be improved via a vacuum heat treatment. e amount of nutrients from cellulose, hemicellulose, and lignin and amount of sugars needed by the fungi during their growth were investigated. e results showed that the absorbance peaks corresponding to absorbed CH 3 -CH 2 -, C�O, and the benzene ring skeleton stretching vibration all noticeably weakened with increased heat treatment. is indicated that the cellulose, hemicellulose, and lignin degraded to varying degrees. e specimens with a higher initial moisture content (MC) showed greater amounts of nutrient degradation after 2 h at the same heat treatment temperature. e chemical analysis results were in good agreement with the Fourier transform infrared (FTIR) analysis results. e decay resistance tests showed that the average mass loss of the heat-treated specimens was up to 10.8%, in contrast to 22.23% for the untreated specimens. Furthermore, the FTIR analysis of the heat and decay-resistance test showed that the vibration wave peaks that corresponded to CH 3 -CH 2 -at 2954 cm −1 showed noticeably less separation at higher heating temperature. is demonstrated that the cellulose hydrolysis in the wood decreased at higher heating temperatures, which explained why the decay resistance increased with increased heat treatment.
Introduction
Wood is a sustainable, nontoxic, and recyclable natural material having high strength and an aesthetic appearance. Because of these superior characteristics, wood is popular and widely used in many areas. However, under suitable climatic conditions, wood is easily biodegradable and vulnerable to various organisms like fungi and insects [1, 2] . Wood contains cellulose, hemicellulose, lignin, and small amounts of sugars. It comprises 40% to 50% cellulose, 15% to 25% hemicellulose, and 20% to 40% lignin [3] . e cell walls of wood are mostly lled with these organic polymers. Ninety percent of these organic polymers can be broken down by the enzymes of wood decay fungi and then utilized by these fungi.
erefore, the cell walls are the primary source of nutrients for wood decay fungi [4, 5] . e fungi degrade the cell walls through various ways [6] [7] [8] . e degradation compromises the structural integrity of the cell walls, negatively a ects the mechanical properties of the wood, reduces the life span of the wood in service, and may even cause the wood to fall apart at severe stages of decay.
ermal treatment is a wood improvement and preservation process against biotic and abiotic factors [9, 10] . Heat treatment consists of a wood pyrolysis torrefaction performed in a very poor oxygen atmosphere to avoid wood combustion. When wood is treated via heat, the degradation of cellulose, hemicellulose, and lignin will take place at varying degrees. Condensation, formation of new linkages, and esteri cation reactions will also occur [11, 12] . As a result, these changes will reduce the amount of nutrients needed by the wood decay fungi. ey will also alter their living environment, consequently inhibiting fungal growth and hence improving the decay resistance of the wood. Nunes et al. [13] studied the resistance of wood heat treated by hot oil bath (HOB) to the termite Reticulitermes grassei and concluded that, despite the slightly higher mortality of termites in treated samples and smaller mass loss, the difference was not signi cant. However, when treated and untreated counterpart wood samples were side by side during exposure, termites preferred untreated wood. ese last results [13] could be justi ed by the addition of oil into the wood during the thermal modi cation process. However, in such a treatment, the oil is su cient to make the wood treated with it more hydrophobic, making it more resistant to the attack of fungi and termite. However, there is little research focusing on the decay resistance of fastgrowing northwest wood via vacuum heat treatment. It is important for northwest wood to store water, prevent soil erosion, and prevent dust storms in the northwestern district of China. ere have been limited studies on the changes in the amounts of the nutrients in heat-treated wood and in the decay resistance of heat-treated wood. e amount of nutrients from the cellulose, hemicellulose, and lignin of wood needed for the wood decay fungi was investigated. e amounts of the OH hydrophilic group decreased via vacuum heat treatment. e nutrients needed by the decay fungi were decreased via vacuum heat treatment owing to cellulose, hemicellulose, and lignin pyrolysis [14] .
is paper reports a Fourier transform infrared (FTIR) spectroscopy analysis on the changes in the nutrients of heat-treated specimens to analyze the mechanism between the decay resistance and wood chemical components, and we hope that this study will add new helpful information to this area of research about fast-growing northwest wood. 
Experimental

Heat Treatment.
e specimens were placed into a boxtype resistance furnace (FSX2-12-15N, Tianjin, China) by aeration of nitrogen (N 2 ) as the heating medium at a ow rate of 20 mL/min. e initial nominal MC of the specimens was 30%, 15%, and 5%, respectively. e heating temperatures were 180°C, 200°C, and 220°C. e heating lasted 2 h for all of the heating treatments. e set number of specimens, their initial nominal MC, and heating temperatures are summarized in Table 1 .
After the heat treatment, one-third of the specimens were used in the FTIR analysis, and the rest were used in the decay resistance tests. e untreated specimens ( 
Decay Resistance
Tests. e decay resistance tests followed the Chinese National Standard for Wood Durability Test GB/T 139421 [15] . e white rot fungus (Coriolus versicolor) was obtained from the Chinese Collection and Management Centre for Forest Microorganisms and was used in the decay resistance tests. e wood specimens were put in contact with the white rot for 4 weeks. e di erences in the nutrients before and after the decay resistance tests of the untreated and heat-treated specimens were investigated via FTIR analysis.
Chemical Analysis of the Contents of
Nutrients. Determination of the contents of the nutrients followed the Chinese National Standard GB/T 2677.10 [16] for holocellulose, GB/T 744 [17] for cellulose, and GB/T 2677.8 [18] for lignin. For each experimental condition, three specimens were used in determining each nutrient, and the average was calculated within an allowable error. Figures 1 and 2 show the FTIR spectra from 4000 cm −1 to 400 cm −1 wave number range for the specimens with di erent initial MC levels and heat-treated temperatures.
Results and Discussion
FTIR Analysis of Heat-Treated Specimens.
e FTIR bands of wood are shown in Table 2 . In Figure 1 , the initial MC ranged from 5% to 30%, and the heat treatment temperature was 200°C. An absorbance peak was detected at 3448 cm −1 corresponding to the OH hydrophilic group stretching vibration. e peak at 2945 cm −1 was the stretching vibration wave peak that corresponded to CH 3 -CH 2 -. It is also the characteristic wave peak that identi es cellulose. It can be seen from spectra that cellulose had lower absorption of infrared light in specimens that had a higher initial MC, which indicated that cellulose degradation occurred. e degradation was much larger when the initial MC was higher. e vibration wave peak at 1751 cm −1 corresponds to carbonyl C�O, and it is also the characteristic wave peak for hemicellulose [19] . It was obvious that the degradation of hemicellulose was higher in specimens that had a higher initial MC, which demonstrated in another observation of the spectra that the absorption peak at 1076 cm −1 was the stretching vibration absorption wave peak that corresponded to C-O. e absorption peak was lower in specimens that had a higher initial MC, indicating that the degradation of hemicellulose and cellulose was higher in specimens that had a higher initial MC [20] . e vibration at 1592 cm −1 is the characteristic wave for lignin. Lignin was also degraded during the heat treatment, and the degradation was higher in specimens that had a higher initial MC.
e wave number at 1201 cm −1 was an in-plane bending vibration absorption wave peak that corresponded to O-H. Figure 2 shows the FTIR spectra of specimens that had an initial 30% MC and were heat treated at various temperatures. It showed that when the wave number was 3448 cm −1 , the amounts of the OH hydrophilic group decreased and the vibration peaks at 2945 cm −1 and 1751 cm
weakened, which indicated that the amounts of hydroxyl, hemicellulose, and cellulose reduced considerably with the increase in the heating temperature. e wave number at 1066 cm −1 was an absorption vibration peak that corresponded to C-O, and the wave number at 1201 cm −1 was an in-plane bending vibration absorption wave peak that corresponded to O-H. e vibration waves at 1201 cm −1 are absorption wave peaks corresponding to the O-H in cellulose and hemicellulose [19] . An absorbance peak was detected at 1155 and 1217 cm −1 corresponding to the C�O stretching vibration (S-type lignin and G-type lignin) in curves labeled T1, T2, and T3 in Figure 2 . As the absorption wave peaks at 1066 cm −1 and 1201 cm −1 were considerably fewer in the heat-treated specimens, it clearly indicated that the degradation of cellulose and hemicellulose had taken place.
e vibration at wave number 939 cm −1 is the vibration of a ring, corresponding to sugars with structures similar to dioxane [21] , and Figure 2 demonstrates a possible degradation of these sugars in the heat-treated specimens.
e vibration peak at 1591 cm , which corresponded to a benzene ring skeleton, was the characteristic wave peak for lignin degraded with the increase in the heating temperature.
Chemical Analysis of Nutrients.
e content of the nutrients via chemical methods is summarized in Table 2 . Figure 3 shows the changes in the content of the nutrients in the specimens that had an initial 5% MC and were treated at varying heating temperatures. With the increase in the heating temperature, the amount of cellulose and hemicellulose gradually decreased while the amount of lignin slightly reduced. e results via chemical analysis (Table 3) were in accordance with the results of the FTIR analysis in that the cellulose, hemicellulose, and lignin all degraded as the heating temperature increased. e chemical analysis also showed that the degradation extent for cellulose, hemicellulose, and lignin was greater when the initial MC of the wood was higher. However, it is not apparent as shown in the FTIR analysis due to higher measurement errors. Table 4 shows the mass loss in the untreated and heat-treated specimens via the decay resistance of white rot fungus for 4 weeks. Figure 4 shows the weight loss trend comparing the untreated specimens with heat-treated specimens via the decay resistance of white rot fungus for 4 weeks. It is obvious that the weight loss reduced with increased heating temperature, and the decay resistance was improved. e weight loss of the heat-treated specimens with initial 30% MC was lower than the other specimens, and the di erences were not quite signi cant [9] . With the increase in the thermotreatment temperature, the crystallinity of cellulose was decreased. It is possible that the bound water with high temperature was removed from the cellulose (Table 5 ). e hydrogen bonds and the proper conditions for the crystallization were destroyed. e cellulose crystalline site began to oxidize at high temperature. e color of cellulose changed to tan while the crystallinity obviously decreased. e crystallinity of cellulose drastically decreased when heat treated at 220°C.
Decay Resistance of Heat-Treated Specimens.
FTIR Analysis of Heat-Treated and Fungi-Infested
Specimens. Figure 5 shows the spectra of the specimens that had an initial 15% MC, were heat treated at various temperatures, and were then infested with the white rot fungus for 4 weeks. e characteristic wave peak of cellulose at the wave number 2945 cm −1 made a great di erence. It was probably that the cellulose hydrolysis occurred. A hydrogen bond can form between the neighboring cellulose molecules, resulting in a Fermi resonance vibration [22] . e absorption vibration wave peak at 3448 cm −1 that corresponded to -OH was higher as the heating temperature was lower. e primary reason for this was that as cellulose and lignin were degraded by their respective enzymes, the amounts of hydroxyls subsequently increased [23] . Figure 6 shows the FTIR spectra of the specimens that had various initial MC, were heat treated at 220°C, and were then infested by the white rot fungus for 4 weeks. e vibration wave peak at 3448 cm −1 was higher for specimens with higher initial MC.
e characteristic vibration wave peak at 2945 cm −1 for cellulose showed a more obvious change in the specimens with higher initial MC. Several reasons can explain this phenomenon. First of all, the degradation amounts of hemicellulose were greater in specimens with a higher initial MC than in specimens with an initial MC below 15%. Also, the white rot fungus rstly decomposed the cellulose and then hydrolyzed cellulose. e main reason was that because of the T1 specimens with a higher initial moisture content than the T2 and T3 specimens, the hydrolysis in the T1 specimens was faster, which was bene cial to make the cellulose degradation increase. However, the degradation was totally incomplete. e relative amounts of the C-O bond at 1066 cm −1 of the curves T1, T2, and T3 slightly changed, which was also evident that the cellulose degradation in these specimens was incomplete (i.e., the cellulose was not completely utilized by the fungus), and both the amount of the OH bond and the degree of hygroscopy increased in the curve T1. Figure 7 shows the FTIR spectra of specimens with an initial 5% MC, which were either untreated or heat treated at 220°C, with and without fungal infestation for 4 weeks. e vibration wave peak at 2945 cm −1 was noticeably less for the heat-treated and fungal-infested specimens than that for the untreated specimens. e absorption vibration wave peak at 3448 cm −1 for hydroxyl became lower. It was possible due to the decomposition of hemicellulose, sugars, and cellulose, as well as the subsequent consumption of the resultant monosaccharides and lignin by the white rot fungus. e amount of hemicellulose that corresponded to 1751 cm −1 reduced considerably for the control specimens (without heat treatment and fungal infestation). e absorption vibration wave peak at 1591 cm −1 was considerably lower for the heat-treated and fungal-infested specimens (Figure 7, T1) , whereas it shifted for the heat-treated and nonfungalinfested specimens (Figure 7, T11) , indicating lignin degradation, and the amount of degradation was greater in the heat-treated specimens.
In summary, with the increase in the heating temperature, the cellulose, hemicellulose, and lignin all degraded. In addition, the initial moisture content of the wood had a large in uence on the amount of degradation. e factors of the nutrient degradation, the reduction of moisture content, the acetylation reaction, and the esteri cation reaction due to the heat treatment changed. e growth of white rot fungus was inhibited via changing the living environment and the supply of nutrients needed by white rot fungus, and hence, the decay resistance of the wood was improved.
Conclusions
(1) e FTIR analysis showed that the cellulose, hemicellulose, and lignin in the wood underwent various degrees of degradation, and the sugars also degraded with the increase in the heating temperature. e available nutrients to the white rot fungus decreased.
(2) e degradation of nutrients via the heat treatment was higher in specimens with a higher initial moisture content. (3) With the increase in the heating temperature, the cellulose, hemicellulose, and lignin degraded. It also showed relationships between the initial moisture content of the wood and the amount of degradation of the nutrients. It was not as apparent via the FTIR analysis. (4) Decay resistance tests of untreated and heat-treated specimens showed that the average weight loss of the heat-treated specimens after fungal infestation was 10.8%, in contrast to 22.23% for the untreated specimens. Decay resistance improved as the heating temperature increased. e vibration wave peaks at 2945 cm , and 1591 cm −1 noticeably split less, which indicated that the hydrolysis action of cellulose had reduced, which meant less susceptibility to decay.
Conflicts of Interest
e authors declare that they have no con icts of interest. and fungal-infested, (T11) heat treated at 220°C and no fungal infestation, (T0) no heat treatment and no fungal infestation, and (T00) no heat treatment and fungal infested.
